Introduction
In the last several decades various anthropogenic activities including mining, smelting and insecticide application have resulted in pollution of arsenic (As) and lead (Pb) in soils (Xenidis et al., 2010) . U.S.EPA (2001) ranks As and Pb as the most common inorganic soil contaminants. Due to their negative effects on humans, especially with respect to their carcinogenetic and neurological effect on children (Tsuji et al., 2005; WHO, 2010) , there is considerable concern regarding human exposure to soil As/Pb. Human exposure to As/Pb may occur via several pathways, but incidental soil ingestion is the main route, via principally hand-to-mouth activities for children (WHO, 2010; Moya and Phillips, 2014) . After ingestion, soil As/Pb may be absorbed through the digestive tract and transferred to tissues throughout the body via the systemic circulation system (WHO, 2010) .
Absorption of As/Pb following soil ingestion can be overestimated when predictions are based solely on total concentrations, as the actual As/Pb reaching systemic circulation depends on their solubility in soils and human nutritional status (Ryan et al., 2004; Abrahams, 2012) . Contaminant bioavailability in soils may be determined using animal testing, but these assays are expensive and time consuming, so recent attention has been paid to develop in vitro tests, which can mimic the human digestion processes. Such tests estimate contaminant bioaccessibility, which is the fraction that is soluble in the gastrointestinal tracts and is available for absorption (Ruby et al., 1999; Juhasz et al., 2014) . The physiologically based extraction test (PBET) is a popular in vitro test in metal bioaccessibility assessment (Markus and McBratney, 2001; Attanayake et al., 2014; Ren et al., 2015; Yin et al., 2015) .
Bioaccessibility of As and Pb has been incorporated into human health risk assessments by U.S.EPA (U.S.EPA, 2002 (U.S.EPA, , 2007 (U.S.EPA, , 2011 . These tests have recently been adopted and proved to be useful (Juhasz et al., 2014; Henry et al., 2015; Li et al., 2015a) . Many studies have focused on the oral bioaccessibility and the exposure risk of metals in contaminated soils (Udovic and McBride, 2012; Defoe et al., 2014; Attanayake et al., 2015) . However, the information on their bioaccessibility and exposure risk in amended soils during the aging process is limited. Reported research is related to the single As bioaccessibility in soils (Tang et al., 2007; Quazi et al., 2010 Quazi et al., , 2011 .
After soluble As/Pb addition to soils, their bioaccessibility decreases with time, which is termed aging (Ma et al., 2006) . During aging, the As/Pb partitioning process in soils affects and changes their available forms (Degryse et al., 2009 ). The partitioning process is related to soil properties and governed by different soil fractions (Tang et al., 2007; Hayes et al., 2012) . Sequential extraction has been widely used to measure metal fractionation and bioaccessibility in soils (Tessier et al., 1979; Wenzel et al., 2001) . The method identifies different pools of metals in soils with different availability and provides valuable information on metal bioaccessibility in soils (Sipos et al., 2008) .
In this study, three different soils were spiked with different As and Pb levels. Changes in their bioaccessibility and human health risk with time in the soils were estimated using the PBET procedure and calculations of hazard quotient and carcinogenic risk were performed. The objectives were (1) to evaluate the aging effect on As and Pb bioaccessibility in different soils, and (2) to investigate the relationship between bioaccessible As/Pb and their fractionation in amended soils.
Materials and methods

Soil preparation and characterization
Surface soils (0e20 cm) with different pH were collected from Tianjin (TJ, pH 7.0), Lanzhou (LZ, pH 7.7) and Tai'an (TA, pH 5.7) in China. Details of the soils were described by Liang et al. (2014) . Soil samples were air-dried, ground and sieved through a 2 mm mesh. Soil pH and cation exchange capacity (CEC) were measured using standard protocols (Sparks et al., 1996) . Particle size of soils was analyzed using a laser diffractometer (Mastersizer 2000, Malvern, UK). Contents of total organic and inorganic carbon were determined using a total carbon analyzer (Vario TOC, Elementar, Germany). Amorphous and crystalline Fe oxides were measured following Sparks et al. (1996) . The concentrations of Mn, Al, As and Pb in soils were determined by inductively coupled plasma mass spectrometry (ICPeMS, NexION 300X, PerkinElmer, USA) after soil digestion according to USEPA method 3050B. The analyses were carried out in triplicates and the results were presented as mean values.
Samples (1 kg, triplicates) from each soil were spiked with soluble As (Na 3 AsO 4 ) or Pb (Pb(NO 3 ) 2 ) at different levels: (1) control, (2) 40 mg kg À1 As (As 40 ), (3) 400 mg kg À1 As (As 400 ), (4) 150 mg kg À1 Pb (Pb 150 ), (5) 1500 mg kg À1 Pb (Pb 1500 ), and (6) 40 mg kg À1 As þ 150 mg kg À1 Pb (As 40 þPb 150 ). The lower spiked concentrations of As/Pb were comparable with the reported concentrations in contaminated agricultural soil in China (Cai et al., 2003; Liao et al., 2006) , and the higher concentrations represented severe contamination and were similar to those used in previous studies on metal aging effect in soils (Tang et al., 2007; Quazi et al., 2010) . The soils were then stored under constant moisture content (50% water holding capacity) in plastic bags, which opened partly to maintain aeration and kept in a dark at room temperature. Milli-Q water was added every two weeks based on water lose in the spiked soils, mimicking field dryingewetting cycles (Ma et al., 2006; Tang et al., 2007) . Aliquots of soil samples were taken at different times (0, 1, 2, 4, 9, 17, 33 and 76 weeks) and then air-dried and ground gently with a mortar.
In vitro procedures
It is generally assumed that only fine soil particles adhering to children's hands are likely to be ingested (U.S.EPA, 2002) . So soil fractions <0.25 mm was used for the in vitro test. Bioaccessibility of As and Pb was estimated using the physiologically based extraction test (PBET) (Ruby et al., 1996) . Briefly, the test was conducted with 0.3 g soil in 30 mL of synthetic digestive solution in a 37 C water bath in two phases: gastric phase (pH 2.5, 1 h) and intestinal phase (pH 7.0, 4 h). Solution pH was monitored constantly and adjusted with concentrated HCl or NaHCO 3 powder when necessary throughout the procedure. Continuous mixing was performed using a shaker at 100 rpm. After the gastric phase, the suspension sample was centrifuged at 2100 g for 25 min and then 3 mL supernatant was collected and filtered through 0.45 mm polysulfone filters. After that, the gastric solution was modified to the intestinal solution by compensating 3 mL gastric solution and adjusting the pH from 2.5 to 7.0 followed by the addition of bile salts and pancreatin. 3 mL sample from the intestinal phase was obtained after 4 h. All in vitro tests were performed in triplicate, and soluble As and Pb concentrations in the solutions were analyzed using ICPeMS.
Arsenic and lead bioaccessibility was calculated by dividing the gastric phase or intestinal phase extractable As/Pb by total soil As/ Pb concentration (Eq. (1)), Bioaccessibility ð%Þ ¼ in vitro As=Pb total As=Pb Â 100 (1) where, in vitro As/Pb means As/Pb (mg) extracted from soils following gastric or intestinal phase treatment and total As/Pb represents As/Pb (mg) present in contaminated soils.
Sequential extraction procedures
For As, an improved sequential extraction procedure by Wenzel et al. (2001) digestion). A certified reference material (D054e540, USA) was used for quality control of the extraction process and instrument performance.
Statistical analysis
SAS software was used to perform statistical analysis in this study. Statistically significant differences in As/Pb concentrations measured by PBET method at different times for each soil were analyzed using analysis of variance (ANOVA) and least significant difference (LSD) at the 5% significance level. Multiple linear regression analysis was performed to identify a significant relationship between the individual As/Pb fraction and their bioaccessibility at 0 and 76 weeks of aging time for each soil.
Results and discussion
Soil properties
The physiochemical properties of the soils have been discussed in Liang et al. (Liang et al., 2014) (Table 1) . Briefly, soils LZ and TJ had higher clay content (4.8% and 4.6%) than soil TA (3.6%). The highest organic carbon content appeared in soil TA (13.0 g kg À1 ), followed by soils TJ and LZ (9.8 and 3.2 g kg À1 , respectively, suggesting that they were not contaminated according to the Chinese Environmental Quality Standard for Soils (15 mg kg À1 As and 35 mg kg À1 Pb) (GB 15618e1995). Metal bioaccessibility is related to soil properties (Das et al., 2013) , so we expected that the three soils spiked with the same levels of As/Pb would have different bioaccessibility changes during aging.
Effect of aging on As and Pb bioaccessibility using PBET
With the addition of 40 and 400 mg kg À1 As and 150 and 1500 mg kg À1 Pb in the three soils, we quantified the effect of aging on their bioaccessibility by PBET method. Fig. 1 shows that As bioaccessibility in both gastric and intestinal phases generally decreased with aging. An obvious decrease (4.7e29%) in the three soils was observed during the first 4 weeks of aging, followed by a slower decrease (0.3e8.8%), which indicated that As bioaccessibility was lowered by prolonged aging. At As 40 , the As bioaccessibility of the non-alkaline soils (TA and TJ) with high Fe oxide was~48%, which was much lower than soil LZ (>70%) in both gastric and intestinal phases after 76-week aging (Fig. 1-a1 and -a2). This might be because As has strong affinity to Fe oxide and good electrostatic interaction existed in non-alkaline soil with more H þ in solid phase (Yang et al., 2003) . Furthermore, compared with soil TJ at As 40 treatment, slightly higher As bioaccessibility was observed in soil TA, especially at the beginning of aging (70% vs. 63%). Similar trends were also observed at As 400 , with As bioaccessibilities of 69% vs. 59%. There are two possible explanations:
(1) Fe oxide was mainly controlling the initial degree of As adsorption (Yang et al., 2003) and its content in soil TA was lower than that in soil TJ (11.0 vs. 15.5 g kg À1 ) (Table 1) ; and (2) dissolved organic carbon (DOC) in soil TA was twice of that of soil TJ (Liang et al., 2014) , and DOC can compete with As for adsorption sites of Fe oxide, hence increasing As bioaccessibility (Redman et al., 2002) . In the gastric and intestinal phases, the As bioaccessibility had a similar level, which was consistent with previous studies (Ellickson et al., 2001; Tang et al., 2007) . But some differences were observed for the highest As soil loadings ( Fig. 1-c1 and -c2). At As 400 , As bioaccessibility in the three soils was all >60% and the difference between the highest and lowest values was smaller than that of the As 40 amendment (16% vs. 33%), indicating that not only the soil properties but also the loading rate should be taken into account when assessing As bioaccessibility in soils. Higher loading of As may occupy the irreversible and low-available adsorption sites on solid phases of soils first and hence most of spiked As exists on weak adsorption sites, implying more availability. The variability of Pb bioaccessibility in the three soils was also investigated in this study (Fig. 2) . At Pb 150 , unlike the As amendment, fast changes of Pb bioaccessibility in both gastric and intestinal phases were not observed, only 1.1e8.1% decrease in Pb bioaccessibility during 76 weeks (Fig. 2-a1 and -a2). Strawn and Sparks (2000) using batch sorption kinetic experiments found that Pb sorption behavior in soil starts with a fast sorption reaction within 8 min, which accounted for 78% of the total sorption after 800 h. So in this case, it was supposed that the initial fast decline of Pb bioaccessibility existed in soils, but it wasn't detected in this study due to the relatively long time (1e2 d) needed for sample preparation.
Soil LZ had the highest Pb bioaccessibility, which exceeded 65%, followed by~30% Pb bioaccessibility in soils TA and TJ in the gastric phase (Fig. 2ea1) . This result was comparable with As 40 amendment (Fig. 1ea1) , but for the intestinal phase, Pb bioaccessibility dropped sharply (8.1%) in soil LZ, which was probably due to its highest CaCO 3 content (10.7 g kg À1 ) and mildly alkaline soil characteristic. Soluble Pb was easier to bind with CaCO 3 in alkaline soil, which decreased its lability, but this Pb fraction was pH-dependent and would be released in acidic gastric fluid (Denys et al., 2007) . Soils TA and TJ had low Pb bioaccessibility (~32%) in the gastric phase, owing to their high Fe oxides (11.0e15.5 vs. 2.1 g kg À1 in soil LZ) and OC (9.8e13.0 vs. 3.2 g kg À1 in soil LZ) contents, which improve adsorption of Pb on solid phase. In this study, Pb bioaccessibility in the intestinal phase (<20%) was markedly lower than that in the gastric phase, resulting from the extensive Pb Table 1 Physical and chemical properties of three soils (Liang et al., 2014 adsorption or precipitation in the intestinal fluid at pH 7.0, which is in agreement with observations by other researchers (Ruby et al., 1996; Tang et al., 2008) . A similar trend was observed for Pb bioaccessibility in soils at a higher rate of 1500 mg kg À1 Pb (Fig. 2ec1 and 2ec2). During As and Pb aging in the three soils, changes in their bioaccessibility was different. The equilibrium time for As was longer than that for Pb during aging. Moreover, soil LZ showed the highest As and Pb bioaccessibility in the gastric phase. In the intestinal phase, however, the highest Pb bioaccessibility was observed in soil TA. These data suggested that As/Pb bioaccessibility in soils during aging was controlled by different soil characters and/or digestion fluid pH. So we examined changes in As and Pb bioaccessibility when they were amended together in the three soils (As 40 þ Pb 150 ), which showed significant differences only for soil LZ. Arsenic bioaccessibility in co-amended soil (72%) was lower than single-amended soil (83%) after 76-week aging in the gastric phase (Fig. 1-a1 and -b1 ) and the same in the intestinal phase ( Fig. 1-a2 and -b2 ). For Pb in soil LZ, this phenomenon also existed as Pb bioaccessibility in the gastric phase and intestinal phase dropped (58% vs 66% and 7.5% vs 8.8%) during the 76-week aging in co-amended treatment compared to single-amended treatment (Fig. 2ea1 and 2eb1 ). This may imply that some As and Pb were easier to be sorbed to the same sites in alkaline soil. Combined with sequential extraction, attempt was made to find direct evidences and reveal the relationship between As/Pb bioaccessibility and their fractionation data. Fig. 3 . As/Pb geochemical fractionation in three soils using sequential extraction method after aging 76 weeks. , , , , , and represents 40 mg kg À1 As, 40 mg kg À1 As þ 150 mg kg À1 Pb, 400 mg kg À1 As, 150 mg kg À1 Pb, 1500 mg kg À1 Pb amendment, respectively. Error bars are mean ± standard deviation.
Table 2
Pearson's correlation coefficients between sequential extracted As/Pb fraction and bioaccessible As/Pb in both the gastric (G) and intestinal (I) phases across three soils at 0 and 76-week aging. 
The relationship between PBET measurement and fractionation of As and Pb
The geochemical fractions of As and Pb in three soils after 76-week aging are showed in Fig. 3 . Total As and Pb in soils were categorized into five fractions, i.e., NS1, SS2, AF3, CF4, and RS5 for As, and EX1, CB2, FM3, OB4, and RS5 for Pb. Correlation analysis was performed between different As/Pb fractions and their bioaccessibility (Table 2 ). For As, the most labile fraction NS1 had a significant positive correlation with As bioaccessibility in the gastric phase (r ¼ 0.73, p < 0.05) and the intestinal phase (r ¼ 0.59, p < 0.05) at the beginning. After 76 weeks of aging, NS1 showed a better linear relationship with bioaccessible As in the gastric phase (r ¼ 0.93, p < 0.05) and the intestinal phase (r ¼ 0.69, p < 0.05) and the slopes of the linear regressions changed from 0.71 to 0.90, and from 0.31 to 0.64, for the gastric phase and intestinal phase, respectively, suggesting that non-specially sorbed As was likely the main source of bioaccessible As in the gastrointestinal phases when using the PBET method. Although SS2 fractions constitute the main proportions of bioaccessible As in other literature (Tang et al., 2007) , it did not contribute much to the As bioaccessibility in this study. AF3 and CF4 fractions correlated negatively with bioaccessible As, implying that As adsorbed to amorphous and well-crystallized Fe/Al was unlikely to dissolve completely in the gastrointestinal system, and a similar result was observed by Rodriguez and Basta (1999) .
For Pb, in the gastric phase, significant positive correlations between CB2 fraction and bioaccessible Pb before and after 76-week of aging (r ¼ 0.95 and 0.97, p < 0.05) implies that Pb bound to carbonates was the major source of bioaccessible Pb in this phase. For the intestinal phase, however, Pb in EX1 fraction had significant correlations with bioaccessible Pb before and after 76-week aging (r ¼ 0.75 and 0.91, p < 0.05), indicating that the exchangeable Pb was the main proportion of bioaccessible Pb in this phase. However, the exchangeable Pb fraction in the three soils was much smaller than that bound to carbonates (0.8e24% vs. 18e60%) (Fig. 3) , explaining the strong decline of Pb bioaccessibility from the gastric to the intestinal phase. The acidic gastric fluid dissolved the carbonate-bound fraction while the neutral intestinal fluid likely extracted the easily exchangeable fraction.
For soil LZ with As and Pb co-amendment, Fig. 3c shows that the As percentage in the SS2 fraction was significantly lower than the single amendment, while higher As adsorbed to the amorphous Fe/ Al fraction (AF3). However, for Pb in five fractions, no significant difference between co-amendment and single amendment (Fig. 3d) was found. It is supposed that, in alkaline soil (LZ), the reagent (0.05 mol L À1 NH 4 H 2 PO 4 ) used to extract specifically sorbed As (SS2) reacted with soil soluble Pb forming precipitated lead phosphate. As a result, the extractable SS2 fraction decreased greatly, and accordingly the following extractable AF3 fraction increased sharply because pH of the extractant (NH 4 -oxalate solution) is lowered to 3.25.
Conclusion
Aging significantly impacts upon soil As and Pb bioaccessibility, and thereby the potential health risk posed by exposure to As/Pbpolluted soils. The present study showed that soil aging resulted in lower As/Pb bioaccessibility based on the PBET procedure. The alkaline soil (LZ) with low Fe oxides was less effective in As sequestration during aging than the neutral and acidic soils (TJ and TA). For Pb, differences occurred in the acidic gastric phase and the neutral intestinal phase, and the high carbonate content soil (LZ) and the acidic soil (TA) had the least Pb sequestration ability in these two phases. Their variations during aging can be mainly explained by soil properties and the pH of digestion fluid, which was supported by sequential extraction results. The sequential extraction result correlated to As/Pb bioaccessibility during aging indicated that As in NS1 fraction and Pb in CB2 fraction were likely the main sources of their bioaccessibility in the gastric phase. For the intestinal phase, Pb in EX1 fraction was probably a source for bioaccessible Pb. To assess the exposure and characterize the risk to children and adults exposed to As/Pb amended soils during aging, the potential carcinogenic and non-carcinogenic risk can be assessed. In vitro assays can be useful in risk assessment of contaminated soils. But more research is still needed to verify the suitability of PBET assay to predict As/Pb bioaccessibility in soils for refining health risk assessment (Li et al., 2015b) . Since the unified BARGE method and the relative bioaccessibility leaching procedure have been validated by in vivo tests especially for Pb (Drexler and Brattin, 2007; Denys et al., 2012) , they can be included as valuable assays in future risk assessment work.
